ABSTRACT: Temperature observations were collected inside 2 caves in the Bahamas and 1 cave in Puerto Rico to characterize the microclimatology of tropical flank margin cave systems. Three aspects of these tropical cave temperatures agree with temperate cave microclimate theory. Specifically, external atmospheric disturbances can affect temperatures inside tropical flank margin cave systems, tropical flank margin caves are warmer than the exterior temperatures during winter, and water can impact temperatures deep into a tropical flank margin cave system. The temperature observations collected also indicate potential differences between the microclimatology of tropical and temperate cave systems. In particular, the temperate 3-zone cave microclimate model may not be applicable to tropical flank margin caves, diurnal fluctuations were not apparent in tropical flank margin cave systems, and the existence of a temperature inversion in a down-sloping cave may not be applicable to all tropical flank margin caves. The potential differences in temperate and these tropical cave systems can be linked to the physical dimensions of the tropical flank margin cave systems and the unique hydrology of small carbonate islands. Specifically, tropical flank margin caves have a width greater than length while temperate fluvio-karst caves have a length greater than width and tidal water can exist in the pits and depressions of tropical flank margin caves as opposed to flowing streams in temperate cave systems.
INTRODUCTION
The microclimatology of caves has received considerable attention due to its impact upon cave morphology, biology, paleontology, and management. For example, Dublyansky & Dublyansky (1998) reviewed cave microclimate processes and related how they may result in condensation-corrosion and dissolution in caves; de Freitas & Littlejohn (1987) investigated the impact of cave microclimate upon sensitive cave fauna and cave management; Poulson & White (1969) outlined the climate of caves and its influence upon cave organisms; and Trapesso & Kaletsky (1994) measured the impact of Snowball Dining Room upon the microclimate of Mammoth Cave. Despite the initial belief that cave microclimate is constant and static, much research has documented the variability of microclimatic parameters, and a 3-zone model has been developed to describe the general zones of climatic variability within a cave (Cropley 1965 , Poulson & White 1969 . According to this 3-zone model, a twilight zone exists near the cave entrance with greatest variability in microclimate parameters. Moving from the entrance towards the interior of the cave, the influence of exterior climatic conditions diminishes and a middle zone exists in complete darkness with some variability in cave microclimate. Further in the cave, at the rear, a deep cave zone exists with constant microclimatic conditions.
One limitation of the application of this 3-zone model and other principles of cave microclimatology is that they have been developed almost exclusively from observations in mid-latitude/temperate regions. For instance, in Wefer's (1991) annotated bibliography of cave microclimatology, the most extensive listing of literature pertaining to the subject, only 3 out of 221 sources listed pertain to tropical cave systems. Thus, researchers investigating tropical cave microclimatology are challenged by the absence of an appropriate cave microclimate theory and models. Tarhule-Lips & Ford (1998) found the 'turbulent pipe flow' model (Wigley & Brown 1976) requires considerable modification in order to be applicable to caves in Puerto Rico and the Cayman Islands.
The purpose of this study is to collect temperature observations from tropical flank margin cave systems and compare the observations to existing temperate cave climate theory. The comparison will allow the initial characterization of the similarities and differences between tropical and temperate cave climatology.
Several factors exist which may cause differences in tropical and temperate cave climatology. These differences can be separated into 2 broad categories, exterior conditions and formative processes/physical dimensions. In regard to exterior conditions, the tropics experience a higher annual temperature with minimal seasonal variation. Thus, as compared to temperate caves, tropical caves may be expected to be warmer and less variable.
The formative processes/physical dimensions of a cave control the interface with the exterior climate and the circulation of air through the cave system (Wigley & Brown 1976 , de Freitas et al. 1982 ). On small carbonate islands, flank margin caves are dominant, while fluvio-karst caves dominate continental temperate regions. These 2 types of caves have drastically different physical characteristics. Flank margin caves form in the distal margin of a freshwater lens, under the flank of the island, where freshwater and seawater mix and produce dissolutionally aggressive water (Mylroie & Carew 1990 . Flank margin caves tend to have globular chambers interconnected in a 'beads on a string' pattern. Entrances to flank margin caves are strictly collapse features not necessarily related to speleogenesis. Fluvio-karst caves are formed by the drainage of water through a limestone aquifer (Ritter et al. 1995) . Conduits arranged in an organized drainage pattern characterize fluvio-karst caves. Thus, entrances may be cogenetic with the formation of the cave. Flank margin caves typically have a width greater than the length; fluvio-karst caves have a length greater than the width. Flowing streams are typically absent in flank margin caves and present in fluvio-karst caves.
This study does not discuss a third, intermediate category, that of fluvio-karst caves developed in tropical settings. Tropical continental settings, and larger tropical islands that contain both carbonates and non-carbonate rocks, develop classic fluvio-karst caves similar to the well-described fluvio-karst caves in temperate continental settings. Flank-margin caves are unique to tropical islands, and on small tropical islands may be the only significant cave that has developed. Use of tropical flank margin caves in this preliminary study provides a database from a distinct end-member condition of cave development in the tropics.
METHODOLOGY AND STUDY AREA
Onset Hobo H8 Temperature Sensors TM were placed in 3 caves in horizontal and vertical transects and programmed to collect temperature observations ranging from every 1.5 to every 20 min. The Hobo H8 sensor records temperature observations between -20 and 70°C with an accuracy of ± 0.7°C and a resolution of 0.4°C. In addition, where possible, 1 data logger was placed outside each cave entrance to observe external air temperatures during the data collection period.
At the end of each data collection period, observations were downloaded from the temperature sensors to a laptop computer, and these observations were imported into software for graphical and statistical analysis. Graphs of moving averages of temperature observations over the period of study were created and basic descriptive statistics (mean, range, coefficient of variation) were calculated along with linear regression models of the relationship between cave temperature and exterior temperatures. The graphs, basic descriptive statistics, and linear regression models were then used to compare magnitude and variability of temperatures and the relationship between cave and external conditions. The moving averages are used in graphical analysis to assess general trends in the data, diminishing the visual impact of variance in the data.
Sling psychrometers were used to measure cave air temperatures near temperature sensors when researchers placed the sensors in and retrieved the sensors from the caves. The purpose of the sling psychrometer measurements was to calibrate the temperature observations recorded by the Hobo H8 temperature sensors. The Hobo H8 sensors offer an approximate measure of air temperature since they are housed in a waterproof casing. The sling psychrometer records air temperature without the interference of the waterproof casing and offers a more reliable measurement of cave air temperature.
In the case of the Bahamian caves, the Hobo H8 sensors recorded temperature observations lower than the sling psychrometer. Panuska et al. 1998 ) flank margin cave with multiple large entrances and no standing water present in the cave.
The physical structure (size, passage configuration, and number of entrances) of a cave has been identified as one of the most important controls on cave microclimatology (Bogli 1980 , de Freitas et al. 1982 . In particular, it has been noted that the number of entrances to a cave is one of the greatest contributors to variability in the microclimate of a given cave. The entrances to a cave represent the interface at which the external atmosphere interacts with the interior cave microclimate through air movement (Bogli 1980) . At the entrance of a cave, air movement allows for the transfer of external atmospheric conditions into the cave. Thus, the greater the number of entrances the greater the number of interfaces for air movement and transfer of external atmospheric characteristics to the interior of the cave. Based on the number of entrances, caves can be separated into static and dynamic caves (Niven & Hood 1978) . Static (or sack caves) caves only have 1 entrance and limited interaction with the external atmosphere. Dynamic (or transit) caves have multiple entrances and have a greater interaction with the external atmosphere.
The causes of air movement across cave entrances can be related to the external environment and the physical features of the cave (Bogli 1980 , Smithson 1993 . The most common cause of the exchange of air is the difference in air density that is created by the temperature difference between exterior and interior air temperatures. Cool air inside a cave has a lower density than warmer exterior air and will flow along the floor from the rear of the cave towards the entrance. In a single-entrance, down-sloping cave, cold external air can drain into the cave in winter and produce a slow wind at floor level. Multiple entrance caves can develop chimney-effect winds through temperature differences outside cave entrances. Rare causes of air movement across entrances can be attributed to entrainment of air by flowing water, resonance of air in large chambers, or changes in the volume of air in a cave when it is flooded. Thus, to develop an accurate characterization of caves in a tropical location, caves with different physical structure and a different number of entrances should be used to observe the different microclimates that exist in tropical flank margin caves. This study cannot directly address the specific impact of specific physical structures or single versus multiple entrances on tropical flank margin cave microclimate. However, it can offer a general characterization of the thermal environment for caves with different physical structures and identify potential differences or similarities.
The first 2 caves included in the analysis are on San Salvador Island, Bahamas. San Salvador Island is 640 km east-southeast of Miami, Florida, and is 11.2 km long and 7 km wide (Shaklee 1994) . San Salvador represents one of the small isolated carbonate platforms common to the southeastern Bahamas (Carew & Mylroie 1997) . Due to the carbonate nature of the rock, caves and subterranean voids are common throughout the Bahamas and San Salvador Island. Four general types of caves exist: pit caves, flank margin, banana holes, and lake drains . The 2 caves on San Salvador Island included in this study are flank margin caves. Both caves are located at interior locations next to saline ponds in the north-northeast portion of San Salvador (Fig. 1) .
The main chamber of the first cave, Garden Cave, is oriented northwest-southeast, with a single entrance facing southeast and the back of the cave to the north-west. The chamber length is 15 m along the northwestsoutheast axis, and the width is 5 m along the southwest-northeast axis, (Fig. 2) . The entrance is reached by dropping down into a 1.5 m deep banana hole. Inside the cave itself, the floor is level from entrance to back (no slope to cave floor) and the height from ceiling to floor ranges from 1.5 m near the entrance to 2 m in the back of the cave.
Temperature sensors collected temperature observations in Garden Cave every 1.5 min from 11:30 h December 29 to 09:00 h December 31, 1997. The horizontal transect consisted of temperature sensors placed approximately every 4 m from the entrance of the cave to the rear, and the vertical transect was constructed by attaching temperature sensors approximately every 0.5 m on a suspended rope at the rear of the cave. Both the horizontal and vertical transects were in the main chamber of Garden Cave.
The second cave, Crescent Top Cave, is oriented north-south, with a single entrance facing north-northeast (Fig. 3) . The cave can be divided into 2 parts: a main chamber and 2 sub-chambers. The main chamber, where temperature observations were recorded, is 15 m along the north-south axis and 6 m wide on the west-east axis. Within 3 m of the entrance of the cave and the main chamber, cave floor slopes downward toward the interior of the cave to a depth of approximately 1 m below the cave entrance. After this initial downward slope, the cave floor remains level. The distance from the floor of the main chamber to the ceiling is 1.5 m, except for the back of the cave, where a pool of water exists in a pit, and the distance from the floor of the pool to the ceiling of the cave is 6 m. The 2 sub-chambers of the cave represent an area that is 8 m along the north-south axis and 15 m along the westeast axis. The height of these chambers ranges from 0.5 to 1.5 m. Instruments were only placed in the main chamber of Crescent Top Cave due to the limited number of available temperature sensors. In Crescent Top Cave, temperature sensors collected temperature observations every 5 min from 15:00 h January 1 through 15:00 h January 5, 1998. The horizontal transect was constructed in the main chamber with temperature sensors placed approximately every 4 m from the entrance to the rear. The vertical transect was constructed with a rope suspended at the rear of the cave from the ceiling to the bottom of a pit containing standing water. The temperature sensors were attached to the rope every 0.4 m.
The third cave, Cueva de los Pajaros, is located on Isla de Mona, Puerto Rico (Fig. 4) typically restricted to a zone extending 240 m inland from cliff faces (Frank et al. 1998) . Cueva de los Pajaros has the second largest floor area of any cave on Isla de Mona at 128 000 m 2 . The main body of the cave is oriented southwest-northeast and occupies an area 500 m long and extends 200 m into the cliff side (Frank 1993) . The entrances to the cave face southeast and are typically wide, and inward from the entrance are several large domed rooms up to 15-40 m across and 100 m long. The ceilings are arched and commonly more than 8 m high. Moving inland, the rooms become smaller. There is no consis-42 Fig. 3 . Map of Crescent Top Cave, San Salvador Island, Bahamas tent slope to the cave floor, and locally the cave has levels, with levels being separated by horizontal septas of bedrock as much as 3 m thick (Briggs 1974) .
Temperature sensors in Cueva de los Pajaros collected temperature observations every 20 min from 15:30 h June 11 to 18:00 h June 20, 1998. Only 3 temperature sensors were available for data collection. One data logger was placed in the entrance of the cave, 4 m above the cave floor (Fig. 4) . The remaining 2 temperature sensors were placed at the rear of the cave, one at floor level and one on a ledge 3 m above the cave floor.
RESULTS

Garden Cave, San Salvador Island, Bahamas
Observations from the horizontal transect indicate cooler conditions near the entrance, mean temperature 22.0°C, and warm conditions at the rear, mean temperature 23.8°C (Table 1 ). The vertical transect observations indicate cool conditions at the floor of the cave, mean temperature 22.5°C, and warmer conditions at the ceiling of the cave, mean temperature 24.1°C (Table 1) . Statistical analysis indicates that variance in temperatures decreases from the entrance, coefficient of variation 0.742, to the rear of the cave, coefficient of variation 0.324, and from the floor, coefficient of variation 0.056, to the ceiling of the cave, coefficient of variation 0.009 (Table 1) . Linear regression models indicate that exterior temperatures explain less vari- ance in cave temperatures moving from the entrance to the rear, r 2 = 0.90 to 0.74, and from the floor to the ceiling of the cave, r 2 = 0.72 to 0.39 (Table 1) . Despite the decrease in the effect of exterior conditions deep in the cave, all portions of the cave displayed influence from a storm as it passed across the island on the night of December 31, 1997. The passage of an atmospheric trough brought behind it a cool, dry air mass from the continental United States, causing a drop in temperatures across the Bahamas. This decrease in temperatures can be seen in the observations recorded by each data logger (Figs. 5, 6 & 7) . The largest decrease in temperature was at the cave entrance and floor, while the smallest decrease in temperatures was at the rear and ceiling of the cave.
Crescent Top Cave
Temperature observations from the horizontal transect indicate Crescent Top Cave was cool near the entrance, mean temperature 25.0°C, and warm at the rear of the cave, mean temperature 25.6°C (Table 2 ). In addition, the variance of temperatures decreases moving from the entrance, coefficient of variation 0.012, to the back, coefficient of variation 0.009 (Table 2) . Since the data collection period for Crescent Top Cave followed the passage of the trough that affected San Salvador Island on December 31, 1997, a general warming temperature can be observed in the exterior temperatures and temperatures from the horizontal transect (Figs. 8 & 9 ). This warming trend represents the modification of the cool, dry continental air mass which moved over the island after passage of the trough. It should be noted that 2 intense thunderstorms affected the northern part of San Salvador during the Crescent Top Cave data collection period (January 3 and 5, 1998). These storms caused a quick drop in exterior air temperatures. However, these short-term temperature variations were not evident in the temperature data collected simultaneously within Crescent Top Cave (Fig. 9) . Temperature observations from the vertical transect in Crescent Top Cave represent a very different vertical thermal environment as compared to Garden Cave. Temperatures are warmer on the floor of the cave, mean temperature 27.5°C, and decrease moving up (Table 3 ). In addition to this temperature gradient the vertical profile can be separated into 2 components, tidal and nontidal. In the nontidal component, the air temperatures display a warming trend after passage of the trough and no variability at the ceiling of the cave (Fig. 10) . The tidal component displays warmer conditions near the bottom of the tidal pool, and cooler conditions above the pool. In addition to this temperature gradient, there was a cyclical pattern in the temperatures (Fig. 11 ). The cyclical pattern shows a rise and fall in temperatures twice a day. This rise and fall in temperatures corresponds with the tidal chart from Nassau, Bahamas. The rise in temperatures corresponds with high tide and the decrease in temperatures corresponds with low tide. This observation is interpreted as resulting from the tidal water sits in Crescent Pond, near Crescent Top Cave, absorbing incoming solar radiation, increasing water temperature. As the tide begins to rise, this water flows into Crescent Top Cave raising the temperature of the tidal pool and the air column directly above it through conduction. Once this warmer water is inside the cave, heat is absorbed by the rock surrounding water causing the water and air temperature to decrease. This process repeats itself again as the next high tide enters the cave system.
Cueva de los Pajaros
The data logger at the entrance of the cave displayed a distinct diurnal pattern (Fig. 12) . The morning temperatures rise very quickly to a daily peak temperature between 32 and 36°C, then temperature steadily declines for the remainder of the day. The maximum daily temperature in the morning seems peculiar due to the fact that daily maximum temperatures usually occur in the late afternoon, once longwave radiation is emitted from the Earth back into the atmosphere (Barry & Chorley 1992) . In addition, given the mean maximum daily temperature for Mona Island in June is 32.2°C (NCDC 1995) , the maximum temperatures 32 to 36°C at the cave entrance seem suspect.
This diurnal pattern with a maximum temperature in the morning may be explained by the orientation of the cave entrance, which faces the southeast. As the sun rises the solar angle is low and sunlight can travel unimpeded into the cave entrance. The sun's rays can then directly strike the data logger case, causing thermal loading and an exaggerated temperature. However, once the solar angle increases, sunlight does not reach into the cave entrance and the data logger is in the shade, causing temperature to drop quickly. Thus, it may be more appropriate to assume the maximum temperature within the cave is more accurately estimated by late morning observations, which were approximately 30 to 32°C. The temperature sensors in 
Three cave comparison
A comparison of the results for the 3 caves indicates that Cueva de los Pajaros has the warmest mean temperature (Table 4) . However, this includes the exaggerated morning temperatures that may be created by thermal loading in the data logger case. If a more accurate daily maximum value of 31°C is assumed for Cueva de los Pajaros, the new mean temperature is 27.3°C, still making it the warmest of the 3 caves. The reason for this high mean temperature may be linked to the sampling period. The observations for Cueva de los Pajaros were collected in June, while observations in the Bahamas were collected in the winter. The mean maximum temperature for Isla de Mona in June is 32.2°C and for San Salvador in December 27.0°C. Due to the large opening of Cueva de los Pajaros this warm air can easily travel into the cave system and raise the ambient temperature. It should be noted that the mean temperature of Crescent Top Cave is close to that of Cueva de los Pajaros. The reason for this high mean temperature in Crescent Top Cave is a small opening which limits the circulation of cooler winter air and the heat source created by tidal water at the rear of the cave increases ambient temperatures.
In terms of variance, Cueva de los Pajaros displays the greatest variance in cave temperature observations, coefficient of variation 0.062, followed by Garden Cave, coefficient of variation 0.058, and Crescent Top Cave, coefficient of variation 0.029 (Table 4) . However, after removing all temperatures greater than 31°C, the coefficient of variation for Cueva de los Pajaros, 0.048, drops below that for Garden Cave. This is an unexpected result given the multiple, large entrances to Cueva de los Pajaros. However, given the absence of variance in the rear Cueva de los Pajaros, the measure of variance for the entire cave will be low. In Garden Cave, since all locations experience some variance in temperature, the variability for the entire cave will be greater. 
DISCUSSION
Temperature observations were collected inside caves of the Bahamas and Puerto Rico in order to characterize the microclimatology of tropical cave systems. Three general characteristics of tropical cave systems can be drawn from these observations that concur with existing temperate cave microclimate theory. The first characteristic is that external atmospheric disturbances can affect temperatures of tropical flank margin cave systems. On San Salvador Island, the passage of an atmospheric trough caused a decrease in the temperature of Garden Cave, and after the passage of the trough temperatures increased in Crescent Top Cave. The influence of the external disturbances diminishes from the entrance to the rear. The interesting aspect of the impact of the external disturbance is that even though the entrance of Crescent Top Cave is small, it does not appear to significantly diminish the flow of air in the cave and variability in cave temperature.
The second characteristic is that during winter caves are warmer than the exterior temperatures. Such a seasonal difference in external air temperatures and cave air temperatures has been documented in previous studies (de Freitas & Littlejohn 1987) . The mean exterior temperatures for Garden Cave and Crescent Top Cave are 21.5 and 22.9°C, cooler than the mean cave temperatures of 22.9 and 26.2°C respectively. Exterior and cave temperature could not be compared for Cueva de los Pajarros on Isla de Mona due to insufficient data loggers. Thus, data is not available to assess the potential summer exterior-cave temperature relationship.
The third characteristic of the tropical flank margin caves which agrees with temperate cave microclimate theory is that water can impact temperatures deep into a cave system. It has been recognized that lakes and rivers in temperate caves are capable of modifying the cave atmosphere, causing variability in cave microclimatology (Wigley & Brown 1976 , Moore & Sullivan 1978 , Dublyansky & Dublyansky 1998 cave water temperature and the cave air above the water. Such cyclical patterns are rare in temperate fluvial cave systems. The temperature observations from the 3 caves also indicate potential differences in the microclimatology of tropical and temperate cave systems. A total of 3 potential differences can be identified from the temperature observations. The first difference is that the temperate 3-zone cave microclimate model may not be applicable to tropical flank margin caves. According to this model, 3 climate zones exist in a cave, a twilight zone, a middle zone, and a deep cave zone (Cropley 1965 , Poulson & White 1969 , Niven & Hood 1978 . In the twilight zone near the cave entrance the greatest variability in climate parameters exists. In the middle zone, complete darkness exists with some variability in cave climate, and in the deep cave zone constant climatic conditions exist. The final difference between the microclimate of tropical and temperate cave systems is that a temperature inversion does not necessarily exist in down- Previous research has indicated the vertical temperature gradients in a cave are most strongly controlled by the physical structure of the cave system. In particular, with a cave entrance above the cave floor, the densest (coolest) air flows toward the lowest points of the cave, creating a permanent inversion (Wigley & Brown 1976) . The floor of Crescent Top Cave is below the entrance of the cave. However, in the rear of the cave above the tidal pit a temperature inversion does not exist; the warmest air is at the floor and the coolest is at the ceiling of the cave. The authors believe that Crescent Top Cave did not have a temperature inversion due to the heat source created by the tidal pool at the rear of the cave. The existence of a tidal pool is rare in the temperate fluvio-karst caves and is therefore not accounted for in the prevailing literature.
In conclusion, the potential differences in temperate and tropical cave systems can be linked to the physical dimensions of the tropical flank margin cave systems and the unique hydrology of small carbonate islands. Temperate fluvio-karst caves are characterized by much narrower and more vertically extensive passage networks as compared to the wide, globular, shallow tropical flank margin caves. The globular, shallow flank margin caves create an environment where a true deep cave microclimate zone cannot develop, and the entire cave is subject to influence from the external atmosphere. However, this influence may not include diurnal fluctuation, which is restricted by the small entrances to flank margin caves. The probable cause of climate variability in tropical flank margin caves can be attributed to passing external atmospheric disturbances or the existence of tidal water. The hydrology of small carbonate islands can be very complicated, with the existence of a fresh/saltwater mixing zone and influences of ocean tides and currents that create a different cave microclimate as compared to fluvio-karst caves, which are dominated by flowing streams. Such microclimates can have cyclical variation due to inflow and outflow of tidal water into a cave system. 
